For the fifth time in a row, the benchmarking expert P3 and the acknowledged telecommunica tions magazine connect have conducted their mobile network benchmark in the UK.
In a market characterised by its con tinuous upgrading of 4G networks, growing data rates and enhance ments such as Voice over LTE, we want to find out: Which operator offers the best mobile network? P3's network benchmarks are widely accepted as being highly objective and defining the defacto industry stan dard The carefully designed methodology of the 2018 benchmark in the UK combines drivetests and walktests for executing detailed voice and data measure ments under controlled circumstances with a sophisticated crowdsourcing approach. This provides profound insights into the overall coverage of voice, data and 4G services, realworld User Download Speeds and Data Service Availability. For the first time in the UK, this year we have extended our walktest to also cover railway connections.
P3's holistic approach to network benchmarking in cludes both drivetest and walktest measurements as well as crowdsourcing. The drive and walktests allow for evaluating the cutting edge of the networks' capa bilities. Crowdsourcing unveils the service quality, per formance and coverage actually experienced by the users. We have thoroughly weighted these components in order to give a realistic and authoritative assessment of the rated networks' true potential and performance.
EE TAKES THE OVERALL LEAD, VODAFONE ALSO STRONG IN CITIES AND ON THE ROADS. THREE OFFERS BEST DATA PER-FORMANCE IN TOWNS, O2 RANKS SECOND IN CROWD SCORE
In the voice category, EE is clearly leading, showing strong results in all tested scenarios and delivering ex cellent speech quality due to its use of the modern EVS (Enhanced Voice Services) codec. Vodafone offers excellent success ratios for voice calls in the city walk tests together with EE. Three ranks third and O2 last, with both offering good voice results in the towns.
In the data tests, EE shows the best results as well. This is applicable for the city drivetests, on the roads and -at a lower level -on railways. In the city walktests, EE and Vodafone are on a par, with the other two lagging behind. Three shows the best data performance in towns.
In the crowd score, EE takes the lead in all categories, particulary in the crowdsourced quality. It did not suffer any service degradations from May to October 2018. O2 ranks second in the crowdsourcing and Vodafone third, only one point behind O2. Three follows at some distance on the last rank in the crowd discipline but proves to be also very reliable with only hour of service degradation in the observation period.
All UK operators show considerable room for im provements on the railways. 
24%
All four operators in the UK now support Voice over LTE (VoLTE). VoLTE transmits voice calls as data packets over a 4G connection. This way, the otherwise necessary "circuitswitched fallback", which forces smartphones to switch back to 3G in order to take or place a phone call, can be avoided. Also, VoLTE supports better audio codecs providing operators with the opportunity to deliver higher speech quality to their customers.
For the voice rating, each drivetest car and each walktest team carried one Samsung Galaxy S8 smartphone per operator. The phones in the cars called a counterpart in one of the other cars. The phones carried by the walktest teams called a stationary counterpart. The connected testing equipment regis tered success ratios, call setup times and speech qua lity. In order to simulate normal smartphone usage, data transfers took place in the background of the test calls.
EE AHEAD IN BIG CITY WALKTESTS
The walktest teams generally cap tured a higher performance level for voice in the cities than the drive test teams -except for O2 which reaches a degree of fullfill ment of 75 per cent in both disci plines. EE shows an impressive success ratio of 100 per cent and also very good results for the other KPIs. The ranking is the same as in the drivetests. O2 offers nice speech quality, but lags behind in the other KPIs. 
EE LEADS IN THE BIG CITY DRIVETESTS

EE HAS ALSO BEST RESULTS IN TOWNS
The results of the drivetests leading through 35 towns accounts for the same ranking as in the cities. EE is leading once again, followed by Vodafone, and Three is close be hind. O2 ranks last. Interestingly, Three and O2 achieve slightly better results in the smaller towns than in the big cities. Also, it is pleasing to see that the performance of all four candidates in the towns went up compared to the previous year.
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Data connectivity is the most prestigious discipline in our benchmark and also in the operators' marketing. All four UK networks claim to cover a large part of the population with LTE services -the claimed percen ta ges range in the high nineties. Three states a com bined 3G/4G data coverage of 99 per cent of the population and specifies that about 84 per cent of its 10.1 million customers are using 4G (also see page 3). All four operators are continuing to spend millions and billions on upgrading and expanding their networks to meet the growing demand.
However, the four operators pursue different rollout strategies. EE and Vodafone chase each other with continually growing data rates that currently go up to 1 Gbps, based on the socalled carrier aggregation (the combination of multiple carrier frequencies). In contrast, O2 and Three stick around a solid 100 Mbps and mainly focus on enlarging their 4G footprints.
P3'S SCORING REWARDS HIGH PERFORMANCE AS WELL AS THE NETWORKS' AVAILABILITY AND STABILITY
In order to assess the performance and reliability of data connections, each of our four drivetest cars and also the walktest team carried one Samsung Galaxy S8 per operator. Supporting the LTE category 16, these smartphones were able to benefit from carrier aggre gation up to 1 Gbps. P3's testing considers such fast throughputs as well as the networks' availability and stability. The benchmarking of webpage downloads as well as file downloads and uploads rewards fast throughputs. At the same time, P3 assesses the net works' availabilty and stability by examining success ratios. In order to assess typical performance as well as peak speeds, we determined the minimum data rates that are availability in 90 per cent of the cases plus the peak data rates that would be surpassed in 10 per cent of the cases.
YouTube playouts concentrate on reliability aspects. As YouTube streams videos at adaptive bit rates, the average value of the received video resolution is another important performance indicator. 
EE AND VODAFONE ON A PAR IN BIG CITY WALKTESTS
In the data results of the walktests that were conducted in ten large cities of the UK, EE and Vodafone achieve the same score. Looking closer at the single KPIs, both are on a par in the web tests, EE is a little ahead in the file transfer tests and Vodafone lead regarding You tube playback. The gap between the leading duo and the other contenders is a little more pro nounced, with O2 falling behind distinctly in this category. Among other weak points, O2 shows noticeably low success ratios when it comes to playing back Youtube videos. In terms of using data connectivity while walking in the big cities, there is clearly a twotier system in the UK. EE shows the best data performance and relia bility in the city drivetests, on the roads andat a lower level -on railways. In the city walk tests, EE and Vodafone are on a par, with the other two operators distinctly lagging behind. Three offered the best data performance in towns. Alongside the other operators, O2 achieves relatively good results on the roads. All UK operators show considerable room for improvements on the railways.
DATA RESULTS AT A GLANCE
THREE IS DATA CHAMPION IN TOWNS
Providing data connectivity in towns seems to be the domain of Three. Here the smallest UK operator even outperforms the strong contenders EE and Vodafone. O2 ranks last, offering the same overall performance as in the larger cities.
EE RANKS FIRST ON THE ROADS, BUT GOOD RESULTS FOR ALL CONTENDERS
The scores achieved by the UK operators on the connecting roads is altogether pleasant. EE leads, but the other three contenders show also good results. More good news: All four operators show better data performances on the roads compared to their results from last year. While the drivetests and walktests determine the peak performance of the examined networks, crowd sourcing can add important dimensions such as time, geography or variety in devices and tariff plans -if done in the right way.
Data in Towns -
For the collection of crowd data, P3 has integrated a background diagnosis pro cesses into more than 800 diverse Android apps. If one of these applica tions is installed on the enduser's phone and the user authorizes the background analysis, data col lection takes place 24/7, 365 days a year. Reports are generated for every quarter of an hour and sent daily to P3's cloud servers. Such reports ge ne rate just a small number of bytes per mes sage and do not include any personal user data. A more detailed de scription of our crowdsourcing methodology can be found on page 15 of this report.
Based on the total population count of 66 million people, one of 246 inhabitants of the United Kingdom has contributed to the gathering of 2.99 billion single samples of crowd data. The considered test area re pre sents 99 per cent of the builtup area of the UK.
EE LEADS THE FIELD REGARDING CROWDSOURCED COVERAGE
All UK operators show a good score level for their voice and data coverage. In the quality of Voice Coverage, EE, Vodafone and O2 are more or less on a par, In the quality of Data Coverage (which considers 3G plus 4G), Three takes a narrow lead. The quality of 4G Cove rage leaves some room for im provement. In particular, Three falls behind competition regarding 4G coverage for both footprint (Test Area Coverage) as well as the likelihood of being able to actually use 4G service (4G quality of Coverage). Looking at all three coverage KPIs combined, EE leads the field. 
EE LEADS IN LONDON TOO, VODAFONE RANKS SECOND AND SCORES SLIGHTLY BETTER THAN IN THE WHOLE UK
The overall winner in London is EE -much the same as in the nationwide assessment. In the capital, this operator achieves somewhat higher scores than in the overall results. Interestingly, its drivetest results are slightly lower than in the whole country asses sement. In the walktests, EE scores slightly better in the capital or, in the case of the voice measurements, it achieves the same score of a full 100 per cent. The crowd results in London are also a little higher than the nationwide score. EE achieves the same 100 per cent score as all over the UK. compared to its nationwide score. Also, its crowd score for London is considerably higher than all over the country. The scores of the voice walktests conducted in London fall a little behind the nationwide average.
O2 OVERTAKES THREE IN LONDON, BOTH ARE CLOSE TOGETHER
In contrast to the nationwide ranking, O2 achieves the third rank in London and overall scores two po ints ahead of Three. In comparison to the whole UK, O2 in London shows particularly better results in the voice drive and walktests and in the crowd score, but falls behind in the dara drivetests and walktests. Notably, Three's results in London are behind the nationwide average with the only exception of the crowd score.
London City Score
Shown voice, data, crowd and total scores are rounded. Percentages and points rounded to integer numbers. For the calculaƟ on of points and totals, the accurate, unrounded values were used.
As in the nationalwide results, EE is also the winner in London. It achieves better or the same results than in the whole UK, particu larly in the walktests. The drivetests conducted in London show weaker results -which is also true for Vodafone and Three, as well as O2's data performance. Still, Vodafone reaches a strong second rank in the capital. O2 overtakes Three in London, with both con tenders scoring close together.
LONDON RESULTS AT A GLANCE
MOBILE BENCHMARK
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Total Score
Shown scores are rounded. The drivetests covered 22 cities and 35 towns. Addi tionally, two teams conducted walktests in 10 cities and also on railway journeys between them. The routes are shown on page 1, all visited cities and towns are listed in the box on the right.
The four drivetest cars as well as the batterypowered back packs of the walktest teams were equipped with arrays of Samsung Galaxy S8 smartphones for the simultaneous measurement of voice and data services.
VOICE TESTING
One smartphone per operator in each car was used for the voice tests, setting up test calls from one car to another. The walktest team also carried one smartphone per operator for the voice tests. In this case, the smartphones called a stationary counterpart.
The audio quality of the calls was evalua ted using the HDvoice capable and ITU standardised POLqA wideband algorithm.
All smartphones used for the voice tests were set to VoLTE preferred mode. In networks or areas where this modern 4G based voice technology was not available, they would perform a fallback to 3G or 2G.
As a new KPI in 2018, we assess the socalled P90 value for call setup times. P90 values specify the threshold in a statistical distri bution, below which 90 per cent of the gathered values are ranging.
In order to account for typical smartphone use during the voice tests, background data traffic was generated through random injection of small amounts of HTTP traffic. The voice scores account for 34 per cent of the total results.
DATA TESTING
Data performance was mea sured by using three more Galaxy S8 in each car or per walktest team -one per operator. Their radio access technology was set to LTE preferred mode.
For the web tests, they accessed web pages according to the widely recognised Alexa ranking In addi tion, the static Kepler test web page as spe cified by ETSI (European Telecommunications Standards Institute) was used. In order to test the data service performance, files of 3 MB and 1 MB for down load and up load were transferred from or to a test server located on the Internet. In addition, the peak data performance was tested in One Samsung Galaxy S8 per operator took the voice measurements and one additional S8 per operator was used for the data tests. All test phones were operated and supervised by P3's unique control system.
VisiTeD ciTies aND TowNs uplink and downlink directions by assessing the amount of data that was transferred within a seven seconds time period.
The evaluation of YouTube play back takes into account that YouTube dynamically adapts the video resolution to the avail able band width. So, in addition to success ratios, start times and playouts without inter rup tions, the measurements also determined average video resolution.
All the tests were conducted with the bestperforming mobile plan available from each operator. Data scores account for 51 per cent of the total results. CROWDSOURCING Additionally, P3 conducted crowd based analyses of the UK networks which contribute 15 per cent to the end result. They are based on data that were gathered in August, September and October, 2018. For the collection of crowd data, P3 has integrated a background diagnosis pro cesses into 800+ di verse Android apps. If one of these applications is installed on the end user's phone and the user authori zes the background analysis, data collection takes place 24/7, 365 days a year. Reports are generated for every quarter of an hour and sent daily to P3's cloud servers.
Such reports contain just a small number of bytes per mes sage and do not include any personal user data. Interested parties can delibe rately take part in the data gathe ring with the specific "U get" app (see box below on the right).
NETWORK COVERAGE
For the assessment of network coverage, P3 lays a grid of 2 by 2 kilometres over the whole test area. The "evaluation areas" generated this way are then subdivided into 16 smaller tiles. To ensure statisti cal relevance, P3 requires a cer tain number of users and measu rement values per operator for each tile and each evalua tion area. If these thresholds are not met by one of the operators, this part of the map will not be considered in the assess ment for the sake of fairness. "quality of Co ve rage" reveals whether voice and data ser vices actually work in an evaluation area. P3 does this because not in each area that allegedly provides net work reception, mobile services can actually be used. We specify these values for the co verage of voice services (3G and 4G combined), data (3G and 4G combined) and 4G only.
DATA THROUGHPUTS
Additionally, P3 investigates the data rates that were actually available to each user. For this purpose, we determine the best obtained data rate for each user during the evalua tion period and then calculate their average value. In addition, we deter mine the socalled P90 values for the top throughput of each evalua tion area as well as of each user's best throughput. P90 values specify the threshold in a statistical distri bution, below which 90 per cent of the gathered values are ranging and depict how fast the network is under favorable conditions.
DATA SERVICE AVAILABILITY
Formerly called "operational excel lence", this parameter indicates the number of outages or service degra dations -events where data connec tivity is impacted by a number of cases that significantly exceeds the expecta tion level. To judge this, the algorithm looks at a sliding window around the hour of interest. This ensures that we only consider actual degra da tions as opposed to a simple loss of network coverage due to prolonged indoor stays or similar reasons.
In order to ensure statistical re le vance, each operator must have suf ficient statistics for trend and noise analyses per each evaluated hour. The exact number depends on the market size and number of operators. A valid assess ment month must comprise of at least 90 per cent of valid assess ment hours. Deviating from the other crowd score elements, Data Service Availability is rated based on a sixmonth observation periodin this case from May to Oct 2018.
parTicipaTe iN oUr crowDsoUrciNG
Everybody interested in being a part of our global crowdsourcing panel and obtaining insights into the reliability of the mobile network that her or his smart phone is logged into, can most easily participate by installing and using the "U get" app. This app exclusively concentrates on network analyses and is available under http://uget-app.com or via the adjoint qR code.
"U get" checks and visualises the current mobile network per formance and contributes the results to our crowdsourcing plat form. Join the global community of users who understand their personal wireless performance, while contributing to the world's most comprehensive picture of mobile customer experience. EEs confirms its top rank from previous years and wins the P3 connect Mobile Benchmark in the UK for the fifth time in a row (in 2016, EE and Vodafone won together). Compared to last year's results, EE improves significantly in the voice discipline, but achieves a slightly decreased data score. In the now extended crowd analyses, EE is also the winner.
Vodafone achieves a good second rank, showing especially good results in the big cities and on the roads. In comparison to the previous year, Vodafone managed to improve in the voice results, but lost some ground in the data scores. The same is also true for Three, which fell back to the grade "satisfactory". A remarkable strength of this smallest operator in the UK is that it achieved the best data score in towns. Like all UK operators, Three was also able to increase its performance on the roads for both voice and data.
O2 ranks last. Showing more or less the same perfor mance than last year costs some points, because the requirements of our testing methodology increase year over year. In the crowdsourced assessment, O2 achieved the secondbest results, one point ahead of Vodafone.
However, our newly added railway measurements reveal big challenges for all UK operators.
The overall winner of the 2018 P3 connect Mobile Benchmark in the UK is EE. This operator clearly leads in all tested disci plines including the now extended crowd score and also leads the field in most of the single categories of our assess ment. EE's strong voice results are based on its use of the modern EVS codec.
Vodafone achieves an overall good second rank. This operator scores particularly strong in the big cities and on the connecting roads. In the data walk tests in big cities, Voda fone is on a par with EE. In the crowd analy ses, Vodafone achieves an overall good result, scoring one point behind O2.
The smallest UK operator ranks third overall, but scores best in the data drivetests in smaller towns. Like all UK operators, Three increases its performance on the roads. Also, it shows a good Data Service availa bility with just one hour of degradation in the obser vation period. A decrease in its data scores may be a result of owning the least amount of spectrum in the UK. The third largest opera tor in the UK all in all scores the same perfor mance as last year -which due to our increasing require ments leads to a net loss in points. However, in our extended crowd score, O2 ranks second. Like Three, O2 offers good voice results particularly in smaller towns. As its competitors, O2 also improved on the roads.
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